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We have studied the superconducting phase diagram of Na^OoC^ -yH^O as a function of electronic 
doping, characterizing our samples both in terms of Na content x and the Co valence state. Our 
findings are consistent with a recent report that intercalation of H3O 4 " ions into Na^CdC^, together 
with water, act as an additional dopant indicating that Na sub-stochiometry alone does not control 
the electronic doping of these materials. We find a superconducting phase diagram where optimal 
Tc is achieved through a Co valence range of 3.24 - 3.35, while Tc decreases for materials with a 
higher Co valence. The critical role of dimensionality in achieving superconductivity is highlighted 
by similarly doped non-superconducting anhydrous samples, differing from the superconducting 
hydrate only in inter-layer spacing. The increase of the interlayer separation between C0O2 sheets 
as Co valence is varied into the optimal Tc region is further evidence for this criticality. 

PACS numbers: 74.25.Dw, 74.70.-b 



A characteristic feature of the cuprate superconduc- 
tors is the existence of an optimal electronic doping 
that gives a maximum superconducting transition tem- 
perature, Tc- This composition separates the under- 
doped and over-doped regimes in which Tc decreases 
from the optimal value. This behavior is thought to 
be a universal characteristic of cuprate superconductors 
that arises from the fundamental origin of superconduc- 
tivity in these systems. This feature of the cuprates has 
recently been tested for the layered intercalated cobal- 
tate Na a; Co0 2 • yH 2 O(x-0.35 and y~1.3),Q that ex- 
hibits superconductivity below 5K.[2j The structure of 
these layered cobaltates is significantly different from 
the cuprates, in that superconductivity is thought to 
occurs in C0O2 sheets that have quasi 2D triangular 
symmetry, analogous to that of geometrically frustrated 
systems. An initial superconducting phase diagram of 
NaajCoC^T.SH^O, was drawn as a function of Na con- 
tent Schaak et al. demonstrated that such a phase 
diagram resembles the characteristic phase diagram of 
the cuprates in that an optimum Tc=4.5K is found for a 
material of Na content x= 0.3, with Tc rapidly decreas- 
ing for lower or higher Na contents. [lj 

The stoichiometry of this superconductor has recently 
been revised by Takada et al. 0\, to account for a lower 
Co valence than that expected if the system is doped 
purely by Na non-stoichiometry. This work showed that 
charge neutrality is reached by the intercalation of oxo- 
nium ions (H3O" 1 ") along with water, giving a composition 
of this superconducting phase of Nao.337(H 3 0)o.234Co02- 
yH 2 0.jij Our examination of the superconducting phase 
diagram of Na^HsO^CoC^ ■ J/H2O, where we determine 
the Co valence via redox titrations, demonstrates that 
the optimal Tc for this superconductor is obtained over 
the wide Co valence range, 3.24 - 3.35, while Tc de- 
creases for samples with a Co valence > 3.35. Although 
X-ray absorption and photoemission spectroscopy^ Q 
have been applied to probe the electronic states of both 



the anhydrous and hydrated layered cobaltates, and iden- 
tified Co 3+ and Co 4+ species, quantitative data is not 
attainable. In the absence of ARPES data, to map the 
Fermi surface, simple titrations are an accurate and re- 
liable technique to determine the Co valence. Similar 
methods have been applied to determine the valence of 
Cu in the cuprates. 

The fundamental electronic and magnetic interactions 
in the parent compounds of the superconducting phase 
are tuned by the doping of 1-x charge carriers on forma- 
tion of sub-stoichiometric Na^CoC^. In the stoichiomet- 
ric x— 1 compound Co is in the Co 3+ state with S—0 in 
a low spin (LS) t®g configuration. For x <1 the result is a 
mixed valence system Na^Co 34 " Co^j^C^ where Co 4+ has 
a LS S =1/2 configuration with holes doped into a t\ g 
state. This provides control for both the electronic and 
magnetic properties of these materials in a natural way, 
where Na content x controls both the charge carrier con- 
centration and the amount of magnetic LS Co 4+ ions. For 
example the x =0.75 compound has attracted attention 
due to its unusual thermoelectric properties, 0> 0| 
and it has recently been viewed as a correlated electron 
system with correlations driving coincident magnetic and 
electronic transitions. 

We have synthesized a series of samples with varying 
Na content x, and have chemically characterized them in 
terms of both x, using neutron activation analysis, and 
the Co valence, using redox titrations. This has allowed 
us to accurately determine the parameters that control 
electronic doping in these materials and draw the super- 
conducting phase diagram in terms of Co valence. Our 
measurements indicate that the amount of H^O -1- that is 
intercalated into the lattice has an approximate inverse 
relationship with respect to the Na content x. We find 
optimum Tc is achieved over the cobalt valence range of 
3.24 - 3.35, while Tc decreases for valence states > 3.35. 
Measurements of the c/a ratio of the lattice constants in- 
dicate that the separation between C0O2 sheets increases 
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as the Co valence is tuned into the optimal region. This 
suggests that optimum Tc is achieved as the electronic 
interlayer coupling between Co0 2 sheets becomes more 
2D-like. 

Polycrystalline samples of Na^CoC^, x~0.70, were 
first prepared by mixing appropriate amounts Na2C03 
and C03O4 with a 10% molar excess of Na. These mate- 
rials were heated to 850°C in flowing oxygen for 36 hours 
with 2 intermediate regrindings. This method yielded x- 
ray pure phases of Nao.72Co02 (for determination of x 
see below). In order to move from cc=0.72 to Na con- 
tents where superconductivity is observed, powder sam- 
ples were immersed in a bromine-acetonitrile solution 
with a 2, 5, 36, and 50 times bromine excess as com- 
pared to Na. Samples were stirred in the solution for 24 
hours after which they were washed with acetonitrile and 
then H2O or D 2 0. A time dependence study of the de- 
intercalation process showed that it reaches completion 
within a few hours as opposed to 5 days as suggested 
previously. 0, 0. The Na/Co ratio of the products was 
measured using neutron activation analysis (NAA) to es- 
tablish x. 16] To achieve superconductivity the Na de- 
intercalated materials were placed in a sealed container 
with either H 2 or D 2 and evacuated to a pressure of ~ 
20-30 mbar. Sample containers were kept at a constant 
temperature of 26°C to produce a p(H20) of ~ 40 mbar. 
Samples were left in a humid atmosphere for at least two 
weeks before final characterization measurements were 
made. 

The valence of Co was measured directly by redox 
titration as described in ref . 0- As a check of the accuracy 
of this method, the Co valence of an anhydrous sample 
of Nao.66(i)Co0 2 was measured to be 3.35, in excellent 
agreement with the 4 — x value determined from NAA. 
The error in the measurement of the Co valence is esti- 
mated to be 0.01. The crystal structure of these materials 
was probed using a Guinear X-ray diffractometer (XRD) 
with CuKa source which confirmed that all samples crys- 
tallized in a hexagonal structure as described by Takada 
et al. and free of intermediate hydrate phases. Typi- 
cal diffraction patterns from these samples are shown in 
fig. n Rietveld analysis of the XRD measurements was 
used to determine lattice constants for our samples. The 
Na/Co ratio of each sample was determined using NAA. 
The error in x from these measurements is estimated to 
be 5%. Superconducting properties were characterized 
using a Quantum design SQUID magnetometer. In ta- 
ble [I] we show the summary of our results from the char- 
acterization of our samples in terms of Na content x, Co 
valence, lattice constants and superconducting transition 
temperatures. 

As suggested by the results shown in table U there is 
a significant discrepancy between the expected valence 
of Co based purely on Na content and that given by re- 
dox titration. These observations are consistent with the 
revised composition of the superconducting phase where 
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FIG. 1: XRD measurements of three hydrated samples pre- 
pared for this work. These measurements are typical of all the 
sample prepared in this work. The Si peak from the sample 
holder is indicated for the last diffraction pattern. 
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FIG. 2: Typical dc magnetization measurements of samples 
investigated in this work, (a) ZFC dc magnetization mea- 
surements in H=50 Oe. (b) FC and ZFC measurements in 
H=100 Oe for the £=0.28 (D 2 0) sample. The inset shows a 
M vs H measured from the a;=0.35(D2O) sample at 1.8K. The 
data without corrections for pinning, shape or excess water 
indicates a superconducting volume fraction of ~20%. 



HaO" 1 " accounts for the missing charge. From our mea- 
surements of x and the Co valence we can determine the 
amount of H3O 4 " present in our samples. We find that 
there is a relationship between x and the Co valence, 
indicating that Na poor samples tend to contain larger 
amounts of H30 + (see inset in fig. 3b). This is consis- 
tent with recent structural measurements suggesting that 
Na + and H3 + may reside on the same crystallographic 
site.Q Our results show that as Na is de-intercalated 
from the lattice to values of x < i, a cobalt valence >3.5 
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is achieved, the intercalation of H3O 4 " however, reduces 
the cobalt valence to values of <3.5.[3 To determine the 
properties of this novel superconductor as a function of 
electronic doping, we have produced a series of samples 
with varying cobalt valence. By controlling the amount 
of Na chemically, and measuring directly the Co valence 
we have drawn a phase diagram using a series of samples 
over the broad range of cobalt valence 3.24 — 3.45. 

Typical magnetization measurements of our samples 
are shown in fig. Here the zero field cooling 

(ZFC) dc magnetizations at 1.8K are in the range of 
M(2 C =0.7-1.6xlCP 3 (emu/g/Oe) very similar to those ob- 
tained by other workers for similar Tc samples (1.8- 
5.5xlO -3 (emu/g/Oe)).pll3] Estimation of superconduct- 
ing volume fractions was performed using both field cool- 
ing (FC) and ZFC measurements as well as measurements 
of M vs H (see fig. |2t>) • Overall we found values of su- 
perconducting volume fraction to be in the range of 20 
to 30%, indicative of bulk superconductivity for samples 
with cobalt valence states between 3.24 and 3.35. How- 
ever, these values are only estimates as there is a signifi- 
cant error in the measurement of the mass of the samples 
due to unbound inter-granular water. This would tend 
to underestimate the superconducting volume fraction. 
Overall the Tc values obtained in this work are relatively 
high (> 4.3K) with the exception of two samples (see ta- 
ble P) with Tc=2.5 and 2.8K. These two samples exhib- 
ited a low diamagnetic signal and Tc was measured us- 
ing magnetic susceptibility measurements. In agreement 
with the measurements of Jin et al. [llj no clear differ- 
ence is found between the Tc of hydrated and deuterated 
samples. Finally we comment that the diamagnetic tran- 
sitions of all samples are relatively broad in temperature, 
suggesting an appreciable degree of inhomogeneity. This 
behavior appears to be typical of these materials 0, Ell ] 



TABLE I: Details of the preparation, hydration medium and 
characterization of the samples used in this work. The oxida- 
tion state of Co was determined for most samples used in this 
work from redox titrations. The superconducting transition 
temperatures, Tc, were determined using a SQUID magne- 
tometer defining Tc as the onset of diamagnetism in ZFC and 
H= 50 Oe. 
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FIG. 3: (a)Tc as a function of the Co valence state given in 
tabled The left curve was obtained from our titration data 
whilst the right hand curve describes oxidation states based 
solely on Na content from Schaak et al.[l| (b) The variation 
of the c/a ratio as a function of cobalt oxidation state. In 
the insert we show the variation of the HaO + content of our 
samples as determined from measurements of the Na content 
and the Co oxidation state. Dashed lines are a guide to the 
eye. 



and is understandable in view of the synthesis method of 
these superconductors. 

The superconducting phase diagram of 
Naa;(H3 0) z Co02 • J/H2O determined from our mea- 
surements is shown in fig. |2Ji. From these data we find 
that optimal Tc is reached over the region of cobalt 
valence 3.24 — 3.35, while for cobalt valence states > 3.35 
Tc decreases to values of < 3K. In the optimal cobalt 
valence region Tc differs from 4.3 to 4.8 K values close to 
the maximum values of Tc reported for this material. Q 

The cobalt valence is a reflection of the electronic dop- 
ing in the material. We can consider the cobalt valence 
range 3.0 - 3.5 as hole doped with respect to Co 3+ , with 
the number of holes, n, equal to (valence state)-3. Holes 
are doped in by removal of electrons from the upper ly- 
ing, fully occupied, two electron t2g band of Co in trig- 
onally distorted C0O2 sheets (see fig. 3a). Conversely, 
the cobalt valence range 3.5 — 4.0 can be considered as 
electron doped with respect to Co 4+ , with the number 
of electrons determined as 4 - (valence state), with doped 
electrons entering the upper lying, half filled, two elec- 
tron t2g band. 

The phase diagram that we draw here, by measuring 
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the Co valence directly, demonstrates that superconduc- 
tivity in these layered cobaltates occurs for hole doped 
compositions, and is in sharp contrast to the phase dia- 
gram of Shaak et al. [l| , where the Co valence was thought 
to be controlled by Na-content alone. The width of the 
superconducting region can not be defined at this stage 
as we have not been able to obtain underdoped sam- 
ples, however from the present data we estimate it to be 
An ~0.15-0.2, a value actually similar to that found for 
hole doped cuprate superconductors such as for example 
in Lai_ a; Sr a ;Cu04_5._12| Although our data suggests sim- 
ilarities with the band filling model of the cuprates, su- 
perconductivity in this system is observed on hole doping 
of a fully occupied band, as opposed to the hole doping 
of a half filled band as found in the cuprates. 

In fig. we show the variation of the ratio of the 
lattice constants (c/a) with Co valence which suggests 
that the interlayer separation of C0O2 sheets increases 
as the hole doping is varied through the optimal su- 
perconducting region. The origin of these structural 
changes is not clear at this point, but irrespectively, these 
data do suggest that the electronic interlayer coupling 
between C0O2 sheets becomes more 2D-like as the hole 
doping is varied into the optimal doping region. This 
trend mirrors the overall behavior of these materials in 
that superconductivity is achieved only for a hydrated 
phase with c ~ 19. 8A , while intermediate hydrate phases 
(c ~ 12A an d anhydrous phases with a smaller in- 

terlayer spacing are not superconducting. We note here 
that the Co valence that we obtain here for supercon- 
ducting compositions are similar to that of the nominally 
parent phase Nao.7Co02 (Co 3 3+ ). This parent phase ex- 
hibits correlated electron behavior, and may suggest that 
superconductivity arises by the modification of electronic 
correlations that are directly present in that phase. That 
Tc is found to be optimized for increasing interlayer sep- 
aration we believe highlights the role of dimensionality 
and possibly a dimensionality crossover in these mate- 
rials, as recently suggested by by DFT calculations. [l^ 
Here the hydration of layered Naa;Co02 is suggested to 
result in a reduction in the LDA band splitting as the 
interlayer coupling is reduced. 

Finally we suggest that it is possible that the broad 
plateau observed around optimal Tc may result from ex- 
trinsic effects arising from the standard method of prepa- 
ration of these samples. In particular the presence of 
compositional gradients due to the de- intercalation of Na 
and intercalation of H2O can result in samples containing 
a range of Tc's. We believe that the relative invariance 
of the superconducting volume fraction in our samples 
over the plateau region (see above) argues against the 
formation of a single point compound[l£| with a single 
optimal Tc as the origin of this plateau region. 



The measurements that we report in this letter are 
critical in gaining a deeper understanding of the physics 
of this unusual superconductor. By measuring directly 
the Co valence of our samples, we have established the 
variation of Tc with electronic doping, considering both 
Na + and H 3 + contributions. We find a superconduct- 
ing phase diagram where optimal Tc is obtained for a 
hole doped Co 3+ system, over the wide region of Co va- 
lence states 3.24—3.35, while Tc decreases for over-doped 
samples. These measurements suggest a band filling be- 
havior similar to that of hole doped cuprate superconduc- 
tors may also be applicable here, although the electronic 
configurations are quite different. The key role of dimen- 
sionality in these layered cobaltates is highlighted by the 
increase of the separation between C0O2 layers, as the 
cobalt valence is varied into the optimal Tc region. Our 
measurements show that hydrated superconductors and 
the anhydrous higher sodium content parent phases are 
similarly doped, however the change of dimensionality 
on hydration appears to be critical in obtaining super- 
conductivity. This points to a strong lattice coupling 
to the electronic degrees of freedom and makes the un- 
derstanding of the physical properties of the anhydrous 
compounds more pressing. 
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